Introduction
This chapter presents the design issues and performance characterization results of two experimental systems for radio distance measurement and positioning. The main envisioned application area for these systems is the indoor environment, characterized by an insufficient coverage of global navigation satellite systems and by issues related to the indoor radio propagation channel. In particular, such issues include multipath propagation and the absence of line-of-sight. Furthermore, the applications for indoor positioning systems usually require a high degree of accuracy, which can be of the order of a centimetre, in the position estimation. Recently, this research area experienced a considerable growth and the state of the art is characterized by a wide array of solutions. In this context, the systems described in the present chapter are based on two different approaches: an Ultra-Wideband (UWB) pulse-based solution (De Angelis et al., 2008a) , (De Angelis et al., 2009a) , (De Angelis et al., 2009c ) and a platform developed using commercial devices complying with the ZigBee standard (Santinelli et al., 2009 ). However, both approaches share the same principle of operation: the measurement of signal Time-OfFlight. In particular, the systems are capable of measuring the Round-Trip-Time (RTT), eliminating the need for accurate synchronization between transmitters and receivers. The time interval measurement function is performed in both systems by a commercial Time-toDigital Converter (TDC) with 50 ps rms resolution. The first approach involves the complete design process of the pulse-UWB radio interface, that is the circuitry necessary to properly generate and detect a sub-nanosecond pulse. These blocks have been designed and built from scratch using off-the-shelf components where possible. Furthermore, other relevant blocks are the timing and control logic, the interface with the TDC and the communication with a PC for data processing. The overall architecture has been developed using a master-slave approach, in which several slaves (pulse repeaters) are placed in fixed and known positions and thus constitute the infrastructure of the system. The master device is capable of measuring its distance with respect to the slaves and of estimating its position by means of triangulation algorithms. A
State of the art in the field of indoor positioning
Indoor positioning is the object of a considerable research interest. Accurate geolocation, in fact, represents an enabling technology for indoor location-aware sensor networks (Gezici et al., 2005) (Wymeersch et al., 2009) . Some of the real-life applications for research in this field are related to the industry and logistic areas, e.g. for efficient asset tracking (Fontana, 2004) . Another application area of interest is the location and tracking of emergency personnel and incident first responders (Rantakokko et al., 2007) . In this context, both ad-hoc systems and architectures based on pre-existing communication infrastructures have been developed in the literature. Comprehensive surveys of the fundamental positioning strategies, as well as the main research and commercial systems in the indoor positioning area can be found in (Pahlavan et al., 2002) (Liu et al., 2007) . In the following subsections, some aspects of the state of the art are presented, related to the research activity described in the rest of this chapter.
UWB indoor positioning
In the specific field of UWB systems for indoor positioning, there is also a large number of research activities. In fact, such systems are considered good candidates for accurate ranging, mainly due to their fine time resolution, which is a consequence of the very large bandwidth (Di Benedetto et al., 2006) . Other advantages include robustness to multipath propagation, low-power operation, immunity to communication interception and possible penetration through various types of materials (Fontana, 2004) , (Molisch, 2005) , (Gezici et al., 2005) . In the following subsections, the UWB indoor positioning field is presented by first describing the regulatory context of the technology, then by describing some of the main approaches and systems in the literature. 2.1.1 UWB Regulation and standardization framework UWB systems are regulated in different ways depending on the geographic areas. According to the most influential and widespread definition, provided by the Federal Communications Commission Regulation (FCC, 2002) , an UWB system is defined as any intentional radiator having a fractional bandwidth greater than 20% or an absolute bandwidth greater than 500 MHz. This requirement means that a band-limited signal, with lower frequency f L and upper frequency f H , must satisfy at least one of the following conditions:
Furthermore, the regulation defines a limit mask for the equivalent isotropic radiated power in indoor environments. In Europe, the regulation is different, due to the dissimilar usage of the electromagnetic spectrum (ETSI, 2008) (Hirt, 2007) . The Equivalent Isotropic Radiated Power masks for the two regulations are shown in Fig. 1 . Within the rather wide regulatory framework, which allows for the development of several different technical approaches, a highly suitable ranging technology is pulse-based UWB, also known as Impulse Radio UWB (Win & Scholtz, 1998) (Dardari et al., 2009 ). This technology is currently regarded as a viable candidate for low data-rate applications, such as Wireless Sensor Networks, as demonstrated by the introduction of an alternative PHY layer provided by the recent IEEE 802.15.4a-2007 standard. This standard defines the protocol and compatible interconnection for data communication devices using low-datarate, low-power and low-complexity, short-range radio frequency transmissions in a wireless personal area network (IEEE 802.15.4a, 2007) . (2) (1) www.intechopen.com
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However, it is important to mention that another variant of UWB signals, namely MultiBand Orthogonal Frequency Division Multiplexing, is also currently under development and it is mostly intended for high data-rate short-range wireless communications (Wireless USB, 2007) , (WiMedia Alliance, 2009) , (Kumar & Buehrer, 2008) .
Overview of approaches for UWB indoor geolocation
In the scientific literature, the state of the art in UWB indoor geolocation includes works based on different approaches, methodologies and objectives. In particular, it is possible to find works based on experimental testbeds realized using general-purpose instrumentation (Low et al., 2005) . Furthermore, a considerable number of papers deal with the development of integrated circuits. Inside this category, of particular relevance are the System-on-Chip UWB pulse generator implementations (Sim et al., 2009) (Phan et al., 2007) , and transceiver prototypes (Terada et al., 2006) . Other works are aimed at presenting complete architecture solutions and associated challenges (Chandrakasan et al., 2009) (Mahfouz et al., 2008) (Stoica et al., 2005) . Also, the results of additional research activities consist of experimental characterizations of full-featured positioning systems (Oh, 2009) , (Fontana, 2004) . Moreover, it is possible to mention several commercially-available UWB geolocation systems, mainly intended for industrial and logistics applications (Zebra Enterprise Solutions, 2009), (UbiSense, 2009), (TimeDomain, 2009 ). These systems provide positioning accuracies in the order of magnitude of 10 cm, with communication ranges of several tens of metres. Such commercial solutions typically include an infrastructure which is flexible and customizable to the user needs. Some of the additional features provided by such solutions include centralized localization algorithms, robust multiple access schemes, alternative channels for network coordination, and cell-based structures for network scalability.
ZigBee indoor positioning
Apart from UWB ad-hoc positioning solutions, other approaches for geolocation are designed to exploit a pre-existing wireless communication infrastructure. Among these, the systems based on the ZigBee technology (ZigBee Alliance, 2007) represent an emerging research area. ZigBee is considered as an interesting choice for indoor geolocation thanks to several features such as low power consumption, good range, low cost and wide commercial diffusion. Furthermore, by using this technology, the positioning functions can be easily integrated with other communication services in a wireless sensor network. The most common strategy for geolocation using ZigBee signals is based on the Received Signal Strength (RSS) of communication signals (Blumenthal et al., 2007) (Cho et al., 2007) . Using this approach, an estimate of the distance between a transmitter and a receiver is obtained by means of the received power level, given an appropriate model for the power loss of the transmission channel. Such a measure may be provided by some commercial ZigBee hardware as a RSS Indicator (RSSI). However, the achievable accuracy of RSS-based ZigBee positioning systems is usually in the order of magnitude of 1 m. Better results can potentially be obtained with Time-Of-Arrival methods, as demonstrated by some works found in the literature (Santinelli et al., 2009) (Corral et al., 2008) (Schwarzer et al., 2008) .
Indoor Radio Propagation Channel
One of the fundamental issues associated to radio geolocation is represented by the propagation channel. In fact, especially in indoor scenarios, the channel is strongly affected by multipath fading, a phenomenon which is of key relevance in both the approaches considered in this work. In particular, for the UWB case, due to the high bandwidth and fine time resolution of the pulses, the system is intrinsically able to discriminate a large number of paths (Lee & Scholtz, 2002) . In this field, channel modeling research activities have been published in the literature, see (Molisch, 2005) . Furthermore, the ZigBee solution requires an essentially different approach to the multipath problem, since it can be basically considered as a narrowband system. In particular, as a ZigBee receiver relies on correlation techniques to synchronize itself with an incoming packet, RTT measurements may be affected by increased correlation times when input signal power is reduced by multipath. The goal of research activity in this field is to properly model and compensate this phenomenon, in order to accurately estimate its effect on the measured signal time-of-flight (Hirschler-Marchand & Hatke, 2002) . 
UWB pulse-based ranging and positioning system
The basic principle of operation of the developed UWB ranging system involves the accurate measurement of the RTT of a pulse propagating between two transceivers, schematized in Fig. 2 . In order to implement this accurate measurement in a compact, low-power and portable platform, an approach based on a TDC has been employed. In particular, the commercial integrated TDC-GP2 by Acam Messelectronic Gmbh, has been used, having a rms resolution of 50 ps (Acam GmbH, 2008) . This order of magnitude is appropriate for accurate distance measurement in a typical indoor application, since it implies a 0,75 cm theoretical resolution when a RTT approach is used. Apart from the time-interval measuring unit, a significant challenge in the development of the system has been the design from scratch of all the main building blocks, such as the radio front-end (pulse generation and pulse detection), timing, control and results processing. 
Ranging system architecture
The system is based on a master-slave architecture, where the master is a transceiver with the capability of measuring the time interval between transmission and reception of a pulse. On the other hand, the slave device has a simpler architecture, lacks the time-interval measuring capability and is designed as a pulse repeater. The block diagram of the master device is shown in Fig. 3 . As mentioned above, the RTT of a pulse propagating between the master and the slave is measured by the TDC, while the low-power microcontroller (Texas Instruments MSP430) is used to program it and read measurement results through a Serial Peripheral Interface (SPI). The data are also transmitted by the microcontroller to a Personal Computer for subsequent processing, in order to estimate the master-slave distance. Furthermore, an important block is represented by the timing and reset logic network, entirely realized with commercial off-the-shelf CMOS circuits. Its purpose is to provide proper timing for the reset path of the pulse detector. Using this network, the self-detection condition, that is the detection of a pulse transmitted by the same device, is avoided. The block diagram of the slave device is shown in Fig. 4 . It can be noticed that its architecture is similar to that of the master. The main difference is that this device doesn't implement the time-interval measurement hardware. There are also differences in the timing and reset logic. A relevant section of the research activity has been dedicated to the comparison of several different UWB pulse generation strategies that exist in literature. The nature of this comparison has been mainly experimental with requirements of architectural simplicity and of the use of commercial off-the-shelf components, where possible. The results of this experimental comparison activity are presented in (De Angelis et al., 2008b) . The various strategies investigated were based on logic gates, step recovery diodes and avalanche transistors. At the end of the comparison it was established that the step recovery diode pulse generator approach is the one that provides the best trade-off between transition time, amplitude and power consumption. In particular, it provides a negative pulse with an amplitude of about -8.2 V and a measured fall time of about 690 ps. Furthermore a -10 dB bandwidth of about 500 MHz has been observed, thus satisfying both the requirements in equations (1)-(2). This generator has been chosen for use in the complete UWB geolocation system experimental prototype. Another fundamental building block for the system is the pulse detector. In this regard two strategies have been analysed: a signal-threshold detector and an energy detector. For details on the design and implementation of these devices, the reader can refer to (De Angelis et al., 2008a) . Fig. 5a shows the diagram of the threshold detector, which is based on a constant-current biased tunnel diode. The block diagram of the energy detector, which has been implemented by means of a commercial RF circuit with an integrated comparator (Linear Technologies LTC5536), is shown in Fig. 5b . As evidenced by the experimental results shown in the next section, the energy-detection approach leads to better results in terms of operating range, even with a slight deterioration of the accuracy. Considering this trade-off, however, in the following research activity the energy detection receiver was selected. Furthermore, the employed antenna consists in a disc-cone with an height of about 12 cm. This antenna design is widely used in wideband applications, in particular in the UWB field, and its introduction can be dated to a 1945 patent (Kandoian, 1945) . This design has been chosen for its relative simplicity of construction, wide bandwidth and omnidirectional pattern in the horizontal plane, particularly interesting for positioning applications. 
Distance-measurement experimental results
The two transceivers have been placed at known distances in line-of-sight conditions in order to characterize their performance. For each distance, multiple RTT measurements have been performed. An histogram for a single distance is shown in Fig. 6 , and the mean measured distance values with respect to test distance are plotted in Fig. 7 and 8, together with the related standard deviations. This procedure has been executed in a typical laboratory environment, in the presence of multipath fading and interference from other commonly-used electronic and radio systems. Prior to the actual measurement phase, a calibration procedure has been carried out, consisting in the calculation of the linear regression of experimental data. This makes it possible to obtain a calibration factor to compensate for the effects of systematic errors in the RTT measurement procedure. Fig. 9 . Star network topology.
For the tunnel-diode threshold detector, Fig. 7 shows the obtained plot for all distances. At each distance, apart from the last one, a standard deviation of about 0.2 ns has been observed, which implies an accuracy of about 3 cm in the distance estimation. The maximum range achievable by the system using this receiver is about 2.5 m.
Moreover, Fig. 8 shows the results obtained with the energy-detection approach. It can be noticed that the measurement accuracy is worse (maximum deviation from the reference distance is about 10 to 30 cm), but the communication range is considerably extended (up to about 9 m). However, by averaging repeated measurement results, assuming that the RTT measurement results are uncorrelated, it could be possible to improve the accuracy when using the energy detector. Therefore, depending on the application, a trade-off between accuracy and processing time can be taken into account.
Metrological Characterization
Following the approach described in the ISO "Guide to the expression of Uncertainty in Measurement" (GUM), it is possible to perform a "Type A" analysis to evaluate the uncertainty associated with the estimated distance (ISO GUM, 1995) . Using this approach the uncertainty is estimated by statistical methods. In particular, the sample standard deviation obtained from the experimental data provides an estimate of the standard deviation of the underlying distribution, which is identified with the standard uncertainty. Therefore it can be noticed that it grows with distance. However an upper limit for distances up to 9 m can be quantified at 30 cm, while for distances up to 4 m the standard uncertainty is less than 10 cm. Furthermore, it must be emphasized that these results are relative to a single RTT measurement. As explained above, by averaging multiple results, it is possible to improve accuracy, since we can assume that the measurement results are uncorrelated. Particular considerations could also be done on the systematic deviations. It can be noticed that these effects may be greatly reduced by performing a proper calibration of the system.
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Complete positioning system and experimental tests
The distance-measuring scheme described in the previous paragraphs can be exploited to implement a full positioning system. In order to do so, however, a number of design choices and trade-offs have to be considered. This section aims at highlighting some of the main decisions made in the design phase for our positioning project, and how they affected the prototype features. A detailed presentation of the system-level architecture and the prototype specifications can be found in (De Angelis et al., 2009b) .
Extension of the UWB ranging system with multiple slaves
Using the terminology associated to the sensor networks field (Zhang et al., 2009 ), a fundamental aspect of a location system is the network topology. From this point of view the realized system is characterized by a star configuration with a centralized access scheme, as shown in Fig. 9 . Following this approach, only one of the nodes (the mobile node) is responsible for the timing and multiple access of the network. The reason for the choice of this topology is that it is suitable for small geographical extension networks, and it reduces the complexity and overhead of channel access. Regarding the access scheme, a simple protocol based on Time-Division Multiple Access (TDMA) was adopted. The devices can only communicate, for distance-measuring purposes, during a predefined time period, which is assigned by the master node. This time slot assignment procedure is performed by means of an addressing phase, during which the master sends a unique slave identifier code, using binary on-off keying with UWB pulses. Basically, this coding scheme consists in a subdivision of the temporal axis in sequential intervals. In each interval, the presence of a UWB pulse represents the "1" bit, while its absence represents the "0" bit, as illustrated in Fig. 10 . If the microcontroller in a particular slave recognizes the transmitted sequence as its own identification sequence, it drives the timing and reset logic in a proper way, thus putting the slave in the measurement mode. In this mode, the slave acts as a pulse repeater for a predefined period of time (measurement period), activating an automatic signal path. Through this path it generates an answer pulse after a known delay following each received pulse from the master. If the transmitted sequence is not recognized as the slave's own identification sequence, the microcontroller disables pulse transmission for the measurement period. The motivation for the use of this technique is that it represents a lowcomplexity scheme allowing the master device to unequivocally identify the slave with which it is communicating, thus avoiding collisions that could result in incorrect position determination. 
Inertial Measurement System
The main motivation for integrating an inertial navigation system (INS) with the UWB ranging and positioning devices described in the above sections is to obtain a complete and robust system. In fact, the INS adds information about the attitude of the mobile device, that is the orientation with respect to a reference frame. Furthermore, it provides the knowledge of the velocity and acceleration, thus enabling a complete characterization of the navigation states. Regarding the contribution of the INS to the system's robustness, it can be useful to support the ranging system in those areas where there is insufficient coverage, e.g. there is line-of-sight connection with less than three slaves. In such situations the INS can track the mobile node's position for a limited period of time, as shown in Fig. 11 . The INS is composed of two sections: the Inertial Measurement Unit (IMU), an hardware device that houses accelerometers and gyroscopes, and the software component which implements the navigation equations. A detailed illustration of the INS architecture is shown in Fig. 12 . Fig. 14. Block diagram of the mobile node prototype. The sensor fusion platform is implemented by a software running in a PC, connected to the UWB ranging master device and to the IMU by means of serial ports.
Information fusion
The information fusion technique has been designed with the main goal of exploiting the complementary properties of the UWB and INS systems. In particular, the INS readily provides information about the attitude, velocity and acceleration, which represent a complete set of navigational states. Furthermore, the high update rate of the employed INS (100 Hz) supports a high dynamic range, while the UWB ranging system has a relatively slow update rate (2 Hz) when used as a stand-alone system. The INS, however, intrinsically amplifies low-frequency noise and has an unacceptable growth rate with time. On the other hand, the UWB ranging system has a bounded error for the position estimation and therefore may be used to compensate for inertial measurements deviations. A summary of the complementary properties is provided by 13 shows a block diagram of the information fusion approach used in the system. The basic principle is a UWB-radio range aided INS architecture, which is developed in a similar manner as a widely adopted solution in outdoor GPS-aided INS. Following such an approach, the INS provides the main navigation solution and when a UWB-radio range measurement is available a range prediction is calculated based upon the current position estimate of the INS. The difference between the measured and predicted range is used as an observation for an Extended Kalman Filter (EKF), implementing a model for how the errors in the INS develop with time and how they relate to errors in the range predictions. The errors are estimated and fed back to the INS. For an exhaustive description of the signal processing algorithm, together with the main issues addressed and the solutions implemented in the system, the reader can refer to ). The complete information fusion architecture has been implemented in a prototype, as shown in Fig. 14 . In the prototype, the two information sources, namely the UWB ranging system and the INS, are connected to the sensor fusion platform implemented via software in a PC by means of serial ports.
Experimental Characterization
In order to experimentally investigate the behaviour of the system and the achievable performance, three kinds of tests have been performed. All the tests have been executed in an indoor environment with line-of-sight signal propagation conditions. Furthermore, as a preliminary phase, all the slave devices were calibrated by performing a series of RTT measurements at known distances, thus obtaining the calibration parameters. Following the preliminary phase, a static position-measuring procedure has been implemented, in which four slave nodes were placed in fixed and known positions at the corners of a 3×3 meter square and a master node was placed in the centre of the same square. During this test, only the UWB ranging system was used, without the fusion with the INS. Repeated individual master-slave distance measurements were collected and the position was estimated following a least squares approach. The results obtained from this measurement set are shown in the histograms of Fig. 15a and 15b . Each of the figures is relative to a different master position, and it can be noticed that the second image shows a larger histogram www.intechopen.com dispersion. This behaviour is consistent with what was expected, since the positioning accuracy is dependent on the geometrical configuration of the master with respect to the slaves and their relative distance. From this point of view, the geometric centre position is the most favourable.
By analysing these experiments, it is possible to evaluate the uncertainty associated with the measurement result. Such an evaluation, similarly to the one provided in Section 3.2.1, can be performed using statistical methods, according to the GUM (ISO GUM, 1995). The sample mean and the sample covariance of the experimental estimated positions for the geometrical configuration in Fig. 15a are given by:
Therefore, referring to the sample covariance matrix, the "Type A" standard uncertainty can be quantified as 3.3 cm for each spatial coordinate. Subsequently, in order to investigate the position-tracking capability of the UWB ranging platform as a stand-alone system, a second set of measurements have been performed. In this case the master device was moved slowly, at about 0.1 m/s, along a predefined 1×1 m square trajectory. The tracking function has been implemented by means of an algorithm based on the EKF approach. The results of this experiment are shown in Fig. 16 , demonstrating a good tracking capability with a maximum deviation of the measured trajectory from the reference path of about 10 cm.
(a) (b) Fig. 17 . High-dynamic tests, (a) UWB-positioning stand-alone: it can be noticed that overshoot is present, and poor tracking performance is observed. (b) information fusion with INS: no overshoot and better tracking performance has been observed (De Angelis et al., 2009b) .
The last set of tests consisted in high-dynamic experiments involving the complete system, including the INS and information fusion platform. The experiment was executed on the same trajectory as that of the previous set, but in this case the master was moved quickly, at approximately 1 m/s. Initially the test was performed using the UWB system alone. This test allowed to demonstrate some of the limits of the UWB stand-alone system, mainly caused by the slow update rate, as shown by the overshoot and by the low tracking performance in Fig. 17a . Subsequently, another test using the full system with INS measurement integration was executed in the same experimental conditions. The resulting data is shown in Fig. 17b , demonstrating the considerable performance improvement obtained. In particular, the trajectory overshoot has been eliminated and an overall better tracking behaviour can be observed.
Future developments
Some of the research activities expected in the future involve the improvement of the hardware ranging platform realized so far. In particular, a modification of the baseband pulse generator is currently being studied, with the goal of realizing a system which is fully compliant with both the current European and USA regulations. The step recovery diode generator described in Section 3.1, in fact, provides an output spectrum roughly from DC to 500 MHz. By means of a pulse amplitude-modulation approach, it is possible to shift this spectrum around the frequency of a carrier signal in the 6 GHz region, therefore operating inside the UWB regulation masks shown in Fig. 1 . Furthermore, such a solution could potentially reduce problems associated with the interference from other radio systems, since there is a lower number of narrowband users in the 6 GHz band. Other future developments are aimed at increasing the communication range, coverage and update rate of the system, also considering advances in the information fusion technique and signal processing algorithms. 
ZigBee ranging system
The principle of operation of the ZigBee system is based on the RTT measurement of Direct Sequence Spread Spectrum (DSSS) modulated pulses, propagating between several transceiver devices. The system-level design, presented in detail in (Santinelli et al., 2009) , has been focused on a trade-off between accuracy, cost and synchronization hardware. In particular, it is a low-cost solution, realized by applying some modifications to an existing communication network, without the need for external synchronization hardware, but characterized by a good accuracy for the majority of the applications. Moreover, the implemented system is capable of planar positioning and can easily be extended to 3-D positioning or combined with other ZigBee based applications.
A key feature of the realized prototype is its self-calibration capability, designed to remove the bias introduced by the fixed beacons latencies. In fact, in order to properly implement a RTT distance measurement system, it is necessary to estimate and compensate for the responder node latency, as already seen in the previous sections for the UWB device.
Architecture
The ZigBee transceivers used as a basis for the system prototypes are the CC2431 by Chipcon, while the time-interval measuring hardware is the same TDC, the TDC-GP2 by Acam Messelectronic GmbH, used for the UWB system described in the previous sections. The system is comprised of three kinds of devices: the mobile node, the fixed node and the calibrator node. Diagrams for the mobile and calibrator are shown in Fig. 18a and 18b respectively. In the mobile node the Chipcon CC2431 device is connected via a Serial Peripheral Interface (SPI) with a DSP (Texas Instrument TMS320C6713) and a TDC. The Chipcon device is used as an RF interface, while the time interval measurement function is performed by the TDC. The DSP is used to program the TDC, to read measurement data through the SPI and to triangulate the mobile node position by properly combining the various RTT measurement results. In particular, the DSP coordinates the communications with slave nodes, by polling them one at a time.
The calibrator node has a simpler architecture, without the use of the DSP. By placing this node in a known position, the bias introduced by the fixed nodes can be evaluated by polling them with the calibration node to perform RTT measurements. Finally, each fixed and known position node is a Chipcon CC2431 device, used as pulse repeater. The operation of the system is described in the flow-chart of Fig. 19 . Initially the mobile node programs and initializes its TDC. Then it transmits a packet to a given fixed node, which is received and retransmitted after a certain delay. The master then receives the retransmitted packet, and the TDC determines the signal RTT by measuring the time interval occurring between the transitions of its Start and Stop input signals. By repeating this procedure for a set of fixed nodes, and using calibration data, the mobile node DSP may determine the unknown position using data fusion techniques.
Experimental Results
The ZigBee positioning system has been experimental validated by implementing two configurations in a LOS environment scarcely affected by multipath. The first one consisted of a network of 6 fixed nodes (beacons), without the self-calibration capability. The second one, having fewer nodes, consisted of the mobile node, the calibration node, and a cell of 3 beacons. Experimental results obtained using the first setup are reported in Fig. 20 . The white square represents the actual node, the 6 black squares are the fixed beacons, and the points represent the estimated positions. Each position measurement has been obtained by averaging 500 RTT measurements for each fixed position node. The latency of a single beacon was manually evaluated, and the obtained result was used to compensate all of the RTT measurements. Subsequently, the triangulation was achieved by applying a Least Mean Square (LMS) fitting approach on a linearised model (Santinelli et al., 2009) Following this experiment, the second setup was implemented and tested. As a first step, the calibration procedure was performed for each beacon, in order to estimate and compensate for the corresponding latencies. In particular, the average of 500 RTT calibration measurements performed at increasing distances between the calibration node and one of the beacons was calculated. Then, the calibration line was obtained by applying numerical fitting to the measurement results, as shown in Fig. 21a . It can be observed that the RTT increases linearly in the considered range, with a slope of approximately 22.5 ns/m. A possible cause of this behaviour may be the reduced signal-to-noise ratio at the receiver input, inducing increased correlation latencies. Consequently, as the signal propagation contributes to the RTT with a slope of 6.6 ns/m, we may infer that also the detection time varies linearly, with a slope of about 15.9 ns/m. Moreover, the time required to retransmit a detected pulse, which is not dependent on the distance d, is the line intercept point, which is about 888 μs.
Measurement results for the second setup are reported in Fig. 21b , where the positions of the various nodes and estimated positions are shown. Similarly to Fig. 20 , the white square represents the mobile node, located in (3,3), the 3 filled squares are the fixed beacons, located in (2,1), (4,1), and (1,6) respectively, the white circle is the calibration node, located in (3,6), and the points are measurement results. Again, each position measurement has been performed by averaging 500 RTT measurements per fixed position node. Then, bias removal and range estimation have been performed, using the calibration results obtained for each beacon. Finally, as only 3 fixed beacons were present, a simplified triangulation algorithm was used, obtained by modifying the algorithm which calculates the intersection of 3 circumferences. The measurement results correspond to a standard deviation of 0.2 m and a bias of 0.14 m for the x coordinate, and a standard deviation of 0.16 m and a bias of 0.01 m for the y coordinate. Consequently the results obtained show that, by using self calibration, a system based on a reduced number of beacons may achieve better location accuracy than a larger system without self-calibration capabilities. Positioning results, the white square is the actual node position, the black squares are the reference nodes, the white circle is the calibration node and the points are estimated positions. (Santinelli et al., 2009 ).
Future developments
Some possible developments of this research activity involve the theoretical and experimental study of the performance of RTT-based ranging and positioning techniques for ZigBee systems. Of particular interest is the performance evaluation in multipath and non-line-ofsight channels. A further development is represented by the study and implementation of methods aimed at increasing system immunity to multipath, such as those presented in (Schwarzer et al., 2008 ). An alternative approach involves the information fusion between the RTT and readily-available signal-strength data, in order to identify measurements affected by strong multipath and weight their contribution to LMS fitting. Additionally, multipath components may possibly be identified by performing ZigBee transmissions at different frequencies and by analysing the variations when measuring both the RSS and the RTT.
Conclusion
Two indoor positioning systems based on RTT measurement have been presented in this chapter, focusing on a description of the basic principle of operation, main building blocks and experimental evaluations. Regarding the technical performance aspects, as shown by the experimental test results described in the previous sections, the UWB system has the advantage of a higher positioning accuracy. This system, in fact, is capable of measuring position with a standard uncertainty of about 3 cm under favourable conditions, while the ZigBee platform is characterized by an accuracy of about 20 cm. The latter solution, instead, provides an higher communication range, up to the order of magnitude of 100 m, as opposed to the 10 m order provided by the UWB prototypes. Apart from the purely performance-related analysis, it is also possible to perform a more general comparison, considering other aspects. In this regard, the ZigBee system has the advantage of exploiting a pre-existent communication platform. This feature could be of relevance from the point of view of a planning strategy, depending on the specific application. Using this feature, in fact, a fast, robust and convenient data transfer in the wireless sensor network could be provided in addition to the position evaluation. On the other hand, the UWB system, being a noncommercial solution, allows for a greater control of the design aspects and specifications. The additional bandwidth-related benefits associated to the UWB approach must also be taken into account, as discussed in the state of the art section of this chapter.
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